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INntroduction

H, as fuel can contribute to reduce CO,
emissions

‘ Currently H, is produced mainly by SMR

- Highly energy demand l i

- Need of post-processing for - Need of post-processing for CO, separation

CLR can overcome these issues

Numerical : - Which type of reactor configuration?
simulation‘l-|.

- Which type of oxygen carrier?
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Most of numerical simulations of CLR in DIFB are focused only on
kinetic scheme

What you need?

An appropriate hydrodynamic model of the whole system in order to
point out “stable” operating conditions.

A 4

To develop a simple mathematical tool coupling a CLR reactive
scheme and a simple hydrodynamic model of a DIFB system.
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e FR splitin two zones: densezone below diluted zone/FreeBoard (FB)

e Densezoneis modelled asa CSTR, while FB is modelled as a PFR

e AR is modelled as CSTR (dense regime) or PFR (diluted regime)

e Conversionis uniformthroughoutsolid particles

e In the FB only homogeneous WGS was taken into account

)
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DEPLETED AIR ﬂ
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CH,+CO+CO,+H,0+H,+N,

CH,+2NiO-2Ni+2H,+CO,
H,+NiOoNi+H,0
CO+NiOoNi+CO,
CH,PNIONi+2H;+CO
CH+H,053H,+CO
CH4+cozfi>sz+zco
co+Hon|-|2+co2
CH4+N1<—>N| C+2H,
C+H20<—>H2+CO
C+C0,52C0
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CH,+H,0+N,

m%% 2Ni+0,—2NiO

1 ar

ﬁninv =mMmpgpp + Mg+ Mg +Mp/1y \
mprp = (Aprp/9) - APprp

mrs = (1 - gm) *Pp 'ASP : (Ls - Isc)"'
(1 —¢&m) pp-Asc - Isc+(1 — €r) - pp - Arc * hre

mpg = (AR/g) - APg

mpy = (1 —éey) -pp- Ay - Ly+

K (1_8V)°pP'AD'[H°n(LV_H)+LV'n*(H_LVy

dmR
dt - WLS - WR
dmLS
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N — Bubbling Fluidized Bed (BFB)

=
==
L

hp: elutriation is negligible

* Mass flow rate

W. = 0 —-h D,B < h B
CH4+CO+CO,+H,0+H,+N, =
o B Ws > hpp = hpg

o

CH,+2Ni02Ni+2H,+CO,
H,+NiO-Ni+H,0

CONIO-Ni*CO, * Pressure drop
CH4+Ni0<—>Ni+2H2+C0
APgpp = PP'(1—€D)'.9'hD,B

CH4+H20<—>3H2+C0 i
Ni i N
CH{#C0,2H,+2C0 ] xj
CO+H20<—>H2+C02
CH4+N1<—>N| C+2H,
C+H20<—>H2+CO
C+C02<—>ZCO ﬂ
CH,+H,0+N,

m%% 2Ni+0,—2NiO
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DEPLETED AIR ﬂ Loop Seal

=
==
L

Loop Seal works in complete fluidization condition
between Supply Chamber (SC) and Recycle
Chamber (RC).

°“4+°°+°°z+“2°+1}'z+"2 * Mass flow rate
CH,+2Ni02Ni+2H,+CO, 4T WLS = WS’
H,+NiONi+H,0
CO+NiOoNi+CO, _
CHiNIO-Ni+2H;+CO e Aeration gas flow rate
CH,+H,053H,+CO 4 7 _
CH4+coz<'1>2Hz+zco }—:rikxj QLS - QSC + QRC
CO+H20<—>H2+COZ
CH4+N1<—>N| C+2H,
CHH,0%Hy+CO 1 U * Gas “leakage” between SC and RC
C+C0,52C0 N +Hﬂo+N WR . gmf
e ULS = Umf -

Asc-pp-(1- gmf)

T 2Ni+0,—2Ni0
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DEPLETED AIR ﬂ Riser

71

hp: 1) transition between dense and dilute phase
takes place when mass flow rate approaches the
value corresponding to its saturation carrying
capacity; 2) the variation of voidage along the

°“4*°°*°°2*“2°*1}'2*"2 riser and with the mass flux have been neglected.
CH,4+2NiO—2Ni+2H,+CO, I I
o e * Mass flow rate
i | o = (G =B oo (1= mg) U= G5 = Gy
. =
I == Gqg = (Us/hg) - (mp/Ag) = Gs < Gy
CH4+N|<—>N| C+2H,
C+H20<—>H2+CO 4 L
crco,t2c0 i) * Pressure drop
CH,+H,0+N, g
APr=pp-(1—¢p)-g-hp+ A (hR hp)
D‘B [ [I2Ni+0,—2NiO R
4
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DEPLETED AIR@ CYCI one

hp: Collection efficiency was assumed to be 1.

* Pressure drop
APcyc = pr - K¢ - Uc

CH,+CO+CO,+H,0+H,+N,

i}

CH,+2Ni02Ni+2H,+CO,
H,+NiO-Ni+H,0
CO+NiONi+CO,
CH4+NiO<—>Ni+2H2+C0

CH4+H20<—>3H2+C0 R T
Ni

CH4+C024—>2H2+2C° ,—:‘—T%j

CO+H20<—>H2+C02

CH4+NI <—> Ni-C+2H,

C+H20<—>H2+CO

C+C02<—>2C0 ﬂ
CH,4+H,0+N,

m%% 2Ni+0,—2NiO
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SANIO! pipartimento di Ingegneria

DEPLETED AIR ﬂ Down Comer/ L'Va Ive

=
==
L

e Pressure drop

AP
H+OIZ =Ky - (ufy _usy)

CH4+CO+CO,+H,0+Hy+N, I = KH ’ (uf x usx)
ﬂ H
CH,+2NiO-2Ni+2H,+CO, 0.0649 . pP0.996 . LH WS

HasNIO NIt Lv = 0574 0.237
CO+NiONi+CO, D LV -d P AR

CH4+N|0<—>N|+2H2+C0

0.178

CH4+H20<—>3H2+C0

i Ny .
CHaCO aH2c0 * Aeration gas flow rate
CO+H;O<—>H2+COZ
CH4+N1<—>N| C+2H, QLV = QH + QV
C+H20<—>H2+CO al L
C+C0,52C0 T

CH,+H,0+N,

m%% 2Ni+0,—2NiO
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NVathematical Model:

OXIDATION REACTION

R1) 2Ni + 0, — 2NiO -479
o, o)
R2)CH, + 2NiO & 2Ni + 2H, + CO, 161
R3) H, + NiO & Ni + H,0 -2
R4)CO + NiO & Ni + CO, -43
RS)CH, + NiO & Ni + 2H, + CO 203

Oxygen Carrier: 15 wt.% Ni/y-Al,O;
Efficiency of air pre-heater: 90%
CH,:H,0 is 3:1

FR is isothermal

AR is adiabatic

kinetic scheme

CATALYTIC REDUCTION REACTIONS AHY, I<J/mo|
i
R6) CH,, + H,0 ¢ 3H, + CO 206
Ni 247
R7)CH, + C0O, < 2H, +2C0
A -41
 Ni 74
R9)CH4, + Nl <_>Nl — C + 2H2
Ni
172

Ni
R11))C + CO, < 2C0
C.Duesoetal.,, Chem.Eng. J. 188 (2012) 142154
I. lliuta et al., AIChE J. 56 4 (2010) 1063-1079
F. Bustamante et al., AIChE J. 50 (2004) 1028-1041

F. Bustamante etal., AIChE J. 51 (2005) 1440- 1454
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I\/Iathematical \Viodel: mass and energy balances

Mass Balances Parameters
, Operating conditions Properties of bed materials
Dense regime/phase Ty [K] 3050 p,lhg-m™] 2540
P[Pa] 10 d,[m] 2.55-107
Qk,in * ] in — Qkout * Cj,k + Mgeg - Ziri - a;=0 m;,, [kg] 11.6 g:f[—] 0.445
Uylm- S-1] 0.5 £,[-1] 0.445
Wi in - C Wi out * Cscie + M ¥ 0 Gt 55102 9] 0423
. e . + m c D,.1 ca:=0| 9, [m 5] S-107 g [-] 0.423
k,in = ~sc,in k,out " “sck sc sc,k it Mg Uhiimes™] 2, .92 -] 0.488
GEOMETRICAL CHARACTERISTICS
Diluted regime/Free Board Riser L-valve
D, [m] 0.102 D,,[m] 0.04
h, [m] 5.6 L, [m] 0.4
( 1 )dnj,k z BFB L, [m] 0.4
—_— = T * A D, [m] 0.12 Cyclone
A/ dhy _ J hy [m] 2 Kel-] 78
l Downcomer Loop-Seal
D, [m] 0.04 A_[m*] 0.0025
L, [m] 3.6 h, [m] 0.2

Energy balances

Wk,in . [ZSC(l/MSC) . Csc,in . _hsc,in] N Wk,out ) [ZSC(l/MSC) ) Csc,k ) hsc,k] + Qk,in ) [ch',in : hj,in] - Qk,out ’
[Zf Cj,k ’ h'j,k] + ZiAHRi . Tlf]lc=0
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Fuel Reactor: effect of height of the
) 5 BFB weir
§ %
i hB T>> mBFB T and GS l
O ® 02 0z 0w 0% o4 SO
hg [m]
TBFB T and 02 ~L
" . .
WGS reaction rate decreases with T
B
. e
e 1173 K
64%

1
02 03 04

he [m] h [m] L2 Fluidization XV—May 22-27,2016
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(el SANNIO: pipartimento di Ingeaneria

CH, conversion

H, selectivity

Viathematical Model: results (Il)

Gs[kgm?s™]

003 009 015 021 027 033 039
79.0% T T T T T
a
785% |
78.0% |
775% |
770%
765% |-
1073 K
76.0% |- —m— 123K
—he— 173K
75‘5% 1 1 L L L
417 445 472 500 528 556 583
Q, x10° [m®s™
Gs[kgm?s™]
003 009 015 021 027 033 039
720% 1 T T T T
Ci
715% F
71.0%
705% |
1073 K
700%F g 123K
—h— 1173 K
69‘5% 1 1 1 L L
417 445 472 500 528 556 583

Q, x10° [m®s™

H, yield [mol,, mol,,,"]

Syngas ratio [mol,, mol,"]

0
110

1.09

1.08

1.07

1.06

105

1.04
4

0

6.0

55

50

45

-

Gs [kg m?s™]

om0 om om om0 FUel Reactor: effect of solid circulation

b

I

1073 K
—&— 1123K
e 1173 K

1 1 1 1 1
A7 445 472 500 528 556 583

Q, x10° [m®s™]

T

Gs [kg m?s™]

03 009 015 021 027 033 039

d

1073 K
—— 123K
e 1173 K

1 1 1 1 1
7 445 472 500 528 556 583

Q, x10° [m®s™]

rate

Gs T> NiO:CH, T
SO
Neu, T and ny, 1

H, + Ni0 & Ni+ H,0

Fluidization XV—May 22-27,2016



Istituto di Ricerche sulla Combustione
|‘;c| Consiglio Nazionale delle Ricerche

Air Reactor: effect of inlet air pre-heat

exchanger
------------ a b Without pre-heat exchanger the
~~~~~~ 1600 . L.
00 temperature of inlet airis too lowto
- g o drive Ni oxidation reaction
g ‘g‘ 1000
= cEL 800
@
600
400
X 1 L L 200 1 L L
00 14 28 42 56 0.0 14 28 42 56
z[m] z[m]
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Conclusions

A simple tool to evaluate the performance of a CLR process
carried out in a DIFB was developed.

The model is able to predict both main hydrodynamic
variables and CLR performances.

Higher H, production can be achieved reducing the amount of
oxygen available in the FR decreasing solid circulation rate.

If no air pre-heating is used, the temperature of air at the inlet of
AR is too low to drive Ni oxidation reaction.
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